It has been postulated that the central cholinergic system plays a key role in learning and memory dysfunction of dementia. 1) This is termed the "cholinergic hypothesis of dementia." In accord with this, there is increasing evidence for a relationship between learning and memory function, and the cholinergic system in experimental animals.
It has been postulated that the central cholinergic system plays a key role in learning and memory dysfunction of dementia. 1) This is termed the "cholinergic hypothesis of dementia." In accord with this, there is increasing evidence for a relationship between learning and memory function, and the cholinergic system in experimental animals. 2, 3) Pharmacological manipulations such as scopolamine 4) and ibotenic acid administration, 5, 6) which impairs the cholinergic system, also induced failure of learning and memory function. In contrast, some investigators have provided contradictory evidence. For example, there are reports that neurotoxin ibotenic acid-and quisqualic acid-induced lesions in the basal forebrain caused learning and memory deficits that were not correlated with the degree of loss of cholinergic neurons. 7, 8) Furthermore, it was also shown that learning and memory deficits induced by an excitotoxic substance-induced lesion of the nucleus basalis magnocellularis was unlikely to have been due to damage to cortical cholinergic neurons. 9) Thus, the exact relationship between learning and memory function and the cholinergic system remains to be fully elucidated.
A variety of deficits in learning and memory function have been shown in animals with an ischemic brain, such as in rats with four vessel ligation, [10] [11] [12] middle cerebral artery occlusion, 13, 14) permanent internal carotid artery ligation, 15) and microsphere embolism in the brain. 16) In these reports several possible causes for learning and memory dysfunction in the ischemic brain have been proposed including infarct volume and hypoperfusion. However, the biochemical alterations responsible for this failure in learning and memory function in the ischemic animal have yet to be fully addressed.
Microsphere embolism is considered to induce small widespread emboli, which apparently leads to sustained and irreversible damage to brain regions, and eventually to multiple infarction in the brain. This model appears to mimic multi-infarct dementia in humans. 17) Our laboratory has extensively studied the pathophysiological alterations of microsphere embolism for a decade. We have found that this model showed a sustained decrease in cerebral blood flow 18) and the impairments in brain glucose utilization and high-energy phosphate synthesis, 19, 20) in monoamine turnover and metabolism, 21) and in retention of excitatory and inhibitory amino acid. 22) The present study was undertaken to characterize alterations in learning and memory function and in the cholinergic system in this model.
MATERIALS AND METHODS
Microsphere Embolism Male Wistar rats, weighing 180-220 g (Charles River Japan Inc., Atsugi, Japan), were used in the present study. The animals were housed in a cage and maintained on a 12-hr light/12-hr dark cycle at the temperature of 23Ϯ1°C with the humidity of 55Ϯ5% throughout the experiment. The animals had free access to food and water according to the Guidelines of Experimental Animal Care issued by the Prime Minister's Office of Japan. The experimental protocol was approved by our University Committee of Animal Care and Welfare.
Microsphere-induced cerebral embolism was performed by the method described previously 18) with some modification. In brief, rats were anesthetized i.p. with 40 mg/kg of sodium pentobarbital. The right external carotid and pterygopalatine arteries were temporarily occluded by ligation with strings. A needle connected to a polyethylene catheter (3 Fr., Atom Co., Tokyo) was inserted into the right common carotid artery. Nine hundred microspheres (47.5Ϯ0.5 mm in diameter; NEN-0.05, New England Nuclear Inc., Boston, U.S.A.), suspended in 20% dextran solution, were injected into the right internal carotid artery through the cannula. The needle was removed, and the puncture wound was sealed with surgical glue. In this procedure, the blood flow was restarted within 3 min after the temporary occlusion of the right external carotid and pterygo-palatine arteries. Thus, this procedure appears to reduce damage to the optic function of the operated animals compared with the method reported previously. 18) The rats that underwent a sham operation received the same volume of vehicle without microspheres.
Examination of Neurological Deficits Fifteen hours after the operation, the behavior of operated rats was scored on the basis of paucity of movement, truncal curvature, and forced circling during locomotion, which are considered to be typical symptoms of stroke in rats. 23, 24) The score of each item was rated from 3 to 0 (3 very severe, 2 severe, 1 moderate, 0 little or none). The rats with the total score of 7-9 points were considered to be type A, those with 6-4 points type B, and those with 3 or less type C. The type A rats were used in the present study. Neurological deficits of the operated animals were examined at 10:00 a.m. every day.
Experimental Protocol The microsphere-embolized (nϭ22) and sham-operated rats (nϭ22) were subjected to examination of learning and memory function on the 5th to 10th days after the operation. On the 11th day, the animals were killed and either triphenyltetrazolium chloride (TTC) staining of the brain slices (nϭ6 each), determination of acetylcholine (ACh) and choline contents (nϭ6 each), measurement of ChAT activity (nϭ6 each), or muscarinic acetylcholine M 1 -receptor binding assay (nϭ4 each) using tissue from the frontal cortex, striatum and hippocampus was carried out. Learning and memory function of age-matched, non-operated rats (control, nϭ6) was also examined for the purpose of comparison with sham-operated rats. The tests for learning and memory function were performed by a person who was unaware of the treatment condition of the animals.
Passive Avoidance Test Passive avoidance test was conducted on the 5th and 6th days after the operation according to the method described elsewhere.
8) The experimental apparatus consisted of two compartments, i.e., an illuminated room (20ϫ20ϫ20 cm) and a dark room (20ϫ20ϫ20 cm), and was equipped with a grid floor and divided by a guillotine door (8ϫ8 cm). The microsphere-embolized, sham-operated and control rats were placed in the illuminated room and 10 min later the door was lifted. Then the rat was placed in the illuminated room and allowed to enter the dark room through the pathway between the two rooms. After entering the dark room, the rat was returned to its home cage (habituation trial). In the habituation trial, most of the operated animals entered the dark room within 1 min. The animals that did not enter within 1 min were eliminated from the study (1 rat in the present study). One hour after the habituation trial, the rat was again placed in the illuminated room (acquisition trial). When the rat entered the dark room, the guillotine door was closed and 2.0 mA of scramble electrical foot shocks were delivered for 5 s through the grid floor by means of a shock generator. The microsphere-embolized rats on the 5th day after the embolism responded to electric shock under the present experimental conditions in a manner similar to that of the control or sham-operated animals. The acquisition trial testing was started on the 5th day after the operation. In the test trial performed 24 h after the acquisition trial, the rat was again placed in the illuminated room and the response latency to enter the dark room was measured to a maximum of 600 s (retention trial). The response latency and the medians of the latency were expressed. Rats that did not enter the dark compartment within 600 s were removed from the apparatus and a ceiling score of 600 s was assigned.
Morris Water Maze Test The water maze test was performed according to the method described by other investigators. 25, 26) The test was started on the 7th day after the operation. We examined the animal activity in the open field before the water maze test in a preliminary study. No significant, but a slight, difference in the open field activity was seen in the microsphere-embolized animal (373Ϯ35 cm/min for the microsphere-embolized animal, 435Ϯ36 cm/min for the sham-operated animal and 430Ϯ25 cm/min for the control animal, nϭ6 each). Microsphere-embolized, sham-operated, and control animals were trained in the water maze using a three trial/day-regimen. To eliminate rats that could not swim due to injury following microsphere embolism, we performed the habituation study with the rats in a pool with a diameter of 100 cm on the 6th day after the microsphere embolism. In the present study, no microsphere-embolized rats were eliminated due to failure to swim. The water maze apparatus (model TARGET/2, Neuroscience Co., Tokyo) consisted of a circular pool with a diameter of 170 cm, which contained water (30-cm deep) and having a temperature of 23Ϯ1°C. A clear acrylic platform circle (12 cm in diameter) was placed 1.5 cm below the surface of the water and kept in a constant position in the center of one of the 4 quadrants of the pool. The pool was surrounded by several cues such as circles, triangles and squares drawn on the shield fence. When the rat mounted the platform, it was kept there for 30 s. If the rat did not reach the platform, it was placed on the platform by hand. Data collection was automated by an online video-tracking device designed to track the object in the field, that is, a white rat moving above the black bottom of the pool. Tracking was achieved by a system consisting of a black-and-white video camera with a 4.8-mm wide-angle lens mounted approximately 170 cm directly over the center of the pool. The tracker digitized coordinate values were sampled in turn using a PC-9801 computer. Escape latency, i.e., the time to get onto the platform, was recorded for each trial with a behavioral tracing analyzer (BAT-2, Neuroscience Co., Tokyo). The cut-off time for each trial was set at 180 s. The mean latency of each of the three trials on each day to find the hidden platform was recorded. On the day following the three days of trials, cue training was also performed to examine the ability of the operated animals to navigate spatially.
Measurement of ACh and Choline Contents ACh and choline contents of the brain regions were determined at appropriate intervals after the operation by the method described previously. 27) In brief, the head of the rat was focally irradiated with 5 kW of power for 0.85 s by a microwave applicator (model TMW-6402C, Muromachi Kikai Co., Tokyo). After decapitation, the head of the animal was immersed into liquid nitrogen and left there for 10 s. Three brain regions, frontal cortex, striatum and hippocampus, which are recognized to be vulnerable to ischemia, [28] [29] [30] were isolated from the cerebral hemispheres. Each region was homogenized in 0.2 M HClO 4 ϩ0.01% ethylenediaminetetraacetate (EDTA) with a Polytron homogenizer (PT-10, Kinematica, Luzern, Swiss). An appropriate amount of ethylhomocholine was added to the homogenates as an internal stan-dard. The homogenates were centrifuged at 10000ϫg for 15 min at 4°C. The supernatant fluid was filtered through a membrane filter (0.45 mm) and subjected to high-performance liquid chromatography with an electrochemical detector (HPLC-ECD; model EP-300, Eicom, Kyoto) to determine the concentrations of ACh and choline. The mobile phase consisted of 0.1 M phosphate buffer containing 1.2 mM sodium 1-decanesulfonate (Tokyo Kasei Co., Tokyo) and 0.6 mM tetramethylammonium chloride (Nacalai Tesque, Kyoto) at pH 8.5.
Determination of Choline Acetyltransferase Activity ChAT activity was determined according to the method of Kaneda and Nagatsu. 31) The rats were anesthetized with diethylether and decapitated at appropriate intervals. The three brain regions were isolated from the hemispheres as described above. Each region was homogenized in 2.5 ml of cold 25 mM sodium phosphate buffer, pH 7.4, containing 0.5% Triton-X 100/g wet tissue weight. Each homogenate was centrifuged at 20000ϫg for 60 min. The supernatant fluid was incubated in a reaction mixture containing 10 mM choline chloride, 0.4 mM acetyl CoA, 0.2 mM eserine sulfate, 0.3 mM sodium chloride, and 20 mM disodium EDTA in 0.1 M sodium phosphate buffer, pH 7.4, at 37°C for 20 min. The reaction was stopped by the addition of cold 1 M perchloric acid. After the addition of isopropylhomocholine as an internal standard, the mixture was centrifuged at 1600ϫg for 10 min at 4°C. The supernatant fluid was filtered through a membrane filter (0.45 mm) and applied to an HPLC-ECD apparatus as described above for determination of ACh. Protein concentrations of the samples were determined by the method of Lowry et al. 32) using bovine serum albumin as standard. The ChAT activity was expressed as pmol/min/mg protein.
Receptor Binding Assay The muscarinic acetylcholine M 1 -receptor binding assay was performed by the method of Ogawa et al. 33) with a minor modification. The rats were anesthetized with diethylether and decapitated at appropriate intervals. The cerebral hemispheres were isolated and separated into the three brain regions as described above. After having been weighed, each brain region was homogenized in 10 volumes/g wet tissue of ice-cold 50 mM sodium potassium phosphate buffer, pH 7.4, with a Teflon-glass homogenizer. The homogenate was centrifuged at 12000ϫg for 20 min at 4°C. The pellet was washed twice with the sodium potassium phosphate buffer and centrifuged again under the same conditions as above. The pellet was finally suspended in the 50 mM sodium potassium phosphate buffer, pH 7.4, and used for a radioligand binding assay.
For determination of the total binding capacity, the homogenate of each brain region was incubated at 25°C for 120 min in 50 mM sodium potassium phosphate buffer, pH 7.4, containing 6ϫ10
Ϫ7 to 1ϫ10 Ϫ5 mol/l [ 3 H]-pirenzepine. The reaction was stopped by filtration of the reaction mixture through a glass fiber filter (GC-50, Advantec Co., Tokyo) and washed twice with the ice-cold buffer as above. The radioactivity of the filter paper was counted by a liquid scintillation spectrometer (model LSC-1000, Aloka Japan, Tokyo). The non-specific binding capacity was determined in the presence of 1 mM atropine. The specific binding capacity of [ 3 H]-pirenzepine to the brain homogenate was estimated by subtracting the non-specific binding activity from the total binding activ- 
32)
TTC Staining of Brain Slices One day after the water maze test, the rats were anesthetized with diethylether and decapitated. The brain was isolated, and coronal sections of it, with a thickness of 2 mm at 2, 4, 6, 8, 10, and 12 mm from the frontal pole, were made by a brain slicer under cooling on ice. The slices were incubated for 10 min at 37°C with 2% 2,3,5-triphenyltetrazolium chloride (TTC) in physiological saline. After incubation, the slices were lightly fixed with 10% formalin and pictures of them were taken. In the present study, areas of apparent degeneration and TTC-unstained areas were taken as infarct zones. The areas were estimated by the image analyzer (NIH Image 1.56 software program running on a Macintosh Centris 660AV).
Statistics The results were expressed as meansϮS.E.M., unless otherwise stated. Values for the passive avoidance test, which were expressed as the medians, were statistically evaluated using the Kruskal-Wallis test. Values for the water maze test were evaluated using two-way analysis of variance (ANOVA) for repeated measures, followed by Fisher's posthoc protected least-significant differences (PLSD). Biochemical variables of control, sham-operated, and microsphereembolized animals were evaluated using two-way ANOVA followed by Student's post-hoc t-test. Differences with a probability of 5% or less were considered to be significant ( pϽ0.05).
RESULTS

Operation
Twenty percent (nϭ7) of the microsphereembolized animals (nϭ35) died within 24 h of the operation. The microsphere-embolized animals showed stroke-like symptoms; A type, 63% (nϭ22); B type, 12% (nϭ4); and C type, 5% (nϭ2). The animals of types B and C were eliminated in the present study because they showed weak damage in terms of score of neurological deficits and biochemical parameters of the cholinergic system. There were no stroke-like symptoms in the sham-operated animals (nϭ22).
Neurological Deficits The time course of changes in neurological deficits of the microsphere-embolized rats is shown in Fig. 1 . The initial value for neurological deficits on the 1st day after the embolism was 8.0Ϯ0.3 (nϭ22). The neurological deficits were attenuated with time after the operation, with an appreciable attenuation after 5 d. These deficits had almost completely disappeared by 10 d after the operation. The sham-operated rat did not show any neurological deficit throughout the experiments.
Learning and Memory Function In the first series of experiments, we determined whether microsphere embolism induces failure of the learning and memory function of microsphere-embolized rats. i) Passive Avoidance Test: The acquisition times of control, sham-operated, and microsphere-embolized animals were 21.0Ϯ4.2, 22.1Ϯ6.3, and 17.0Ϯ4.3 s, nϭ6, 22, and 22), respectively. The latency of the microsphere-embolized rats was markedly shortened as compared with that of the shamoperated or control rats (Fig. 2) .
ii) Water Maze Test: The escape latency in the water maze test was measured on the 7th to 9th day after the operation (Fig. 3) . The time to reach the goal was rapidly shortened from the 2nd trial of day 1 in the non-operated and sham-operated rats. A significant difference in the escape latency between microsphere-embolized and sham-operated animals was seen in the examination performed from the 2nd trial of day 1 to the 3rd trial of day 3. The swimming speed (the distance that the animals swam divided by time) did not differ among microsphere-embolized, sham-operated, and control rats ( Table 1 ). The escape latency of control rats was similar to that of the sham-operated ones. The escape latency of the microsphere-embolized, sham-operated, and control rats in the cue training were 31Ϯ3, 35Ϯ4, and 32Ϯ4 s (nϭ22 or 6), respectively, indicating no changes in the spatial navigation ability among these groups.
Changes in Biochemical Parameters i) ACh and Choline Contents: ACh and choline contents of the brain regions of both hemispheres on the 11th day after the operation were determined (Fig. 4) . We observed in a preliminary study that the biochemical variables determined in the present study did not differ between non-operated and sham-operated animals. Thus, only the data of sham-operated animals 46 Vol. 24, No. 1
Fig. 1. The Time Course of Changes in Neurological Deficits of the Microsphere-Embolized Rats
Values are expressed as the meansϮS.E.M. of 22 animals. Neurological deficits were scored at 10 a.m. every day after microsphere embolism on the basis of paucity of movement, truncal curvature, and forced circling during locomotion, which were defined as stroke-like symptoms in rodents. The details are described in the Methods section. Fig. 2. Step-through Retention Latency of the Passive Avoidance Response of Non-operated (Control; Open Column, nϭ6), Sham-Operated (Sham; Hatched Column, nϭ22), and Microsphere-Embolized Rats (ME; Dotted Column, nϭ22) Determined on the 6th Day after the Operation Rats were tested in a step-through passive avoidance paradigm. Twenty-four hours after the acquisition trial, the rats were tested for retention. Each value represents the median and interquartile range of 6 or 22 animals for each group. Statistical significance was evaluated by the Kruskal-Wallis test. * Significantly different from the shamoperated group ( pϽ0.05). The escape latency was determined from the 7th to 9th day after the embolism. Each value represents the meanϮS.E.M. Two-way ANOVA of the data revealed significant differences in the escape latency between the microsphere-embolized and sham-operated rats ( pϽ0.05). * Significantly different ( pϽ0.05) from the sham-operated group when estimated by Fisher's post-hoc protected least-significant differences (PLSD). Each value (cm/s) represents the meanϮS.E.M. for non-operated (Control, nϭ6), sham-operated (Sham, nϭ22), and microsphere-embolized (ME, nϭ22) groups. There were no significant differences in the values among these three groups. In the sham-operated rat, there was no appreciable difference in the ACh content of the frontal cortex between the two hemispheres (data not shown). Compared with the value for the sham-operated rats, the ACh content of the frontal cortex of the right hemisphere of the microsphere-embolized rats showed no significant change. In contrast, the striatal and hippocampal ACh contents of the right hemisphere of the microsphere-embolized rat were markedly decreased. The choline content of the three brain regions of the right hemisphere tended to be increased by the microsphere embolism, but this change was not significant. The ACh and choline contents of the brain regions of the left hemisphere of the microsphere-embolized rats did not differ from those of the sham-operated animal.
ii) ChAT Activity: The striatal and hippocampal ChAT activities of the right hemisphere of the microsphere-embolized rat were significantly lower than those of the sham-operated rat (Fig. 5) . The ChAT activity of the frontal cortex of the right hemisphere of the microsphere-embolized rat tended to be decreased, but this decrease was not statistically significant. There were no significant alterations in ChAT activities of the frontal cortex, striatum and hippocampus of the left hemisphere between sham-operated and microsphere-embolized rats.
Muscarinic Acetylcholine Receptor Binding Studies on muscarinic acetylcholine M 1 -receptor binding showed a significant reduction in the Bmax values of the striatal and hippocampal regions of the microsphere-embolized rat without any change in K d (Table 2 ). The Bmax value of the frontal cortex tended to be decreased, but this change was not significant. There was no significant difference in Bmax and K d values of the left hemisphere between the microsphereembolized and sham-operated rats.
Infarct Area on the 11th Day Apparently degenerated and TTC-unstained areas of the brain of the microsphere-embolized rat on the 11th day were greater in the sections at 8-10 mm from the frontal pole than in the frontal cortical sections (Fig. 6) . The TTC staining of cerebral cortex was relatively weak. There were no degenerated and TTC-unstained areas in the brain slices prepared from the sham-operated animals.
DISCUSSION
The primary purpose of the present study was to characterize changes in memory and learning function and alterations in biochemical variables of the cholinergic nerve system in the microsphere-embolized rat. For this purpose, the memory and learning function of the microsphere-embolized rat was first assessed. We started the tests on memory and learning function on the 5th day after the embolism. This time was de- cided on the basis of the findings of appreciable recovery of neurological deficits of the microsphere-embolized rat on the 5th day after the embolism and ordinary response of the animal to electric shock used in the passive avoidance test on this day. Under these conditions, the latency of the passive avoidance test was markedly reduced and the escape latency of the water maze test was remarkably prolonged in the microsphere-embolized rats. These two tasks are considered to represent different aspects of the nervous system. That is, the passive avoidance test is believed to assess retention of aversive episodic events, 34) whereas the water maze test assesses aspects of spatial learning and memory. 35) Although differences in the significance of these tests are not fully understood, reduction in the latency of passive avoidance tasks and prolongation of the escape latency in water maze tasks are known to be conventional markers of impairment of learning and memory function in rodents. Thus, our findings indicate that learning and memory function is impaired by microsphere embolism-induced cerebral ischemia.
Several ischemic models such as temporarily four vesselligated rats, 10, 11) permanently middle cerebral artery-occluded rats, 13, 15) and transiently bilateral artery-occluded rats 36) have shown a reduction in the latency in the passive avoidance test and/or a prolongation of the escape latency in the water maze test. The failure in learning and memory function in the microsphere-embolized animals was similar to, or more severe than, that reported in the above models. Furthermore, prolongation of the escape latency in the water maze test was greater in this model than in additional models reported: rats with electrical lesions of fornix/fimbria and caudate-putamen 37) and rats with ibotenic acid-induced lesions of the basal forebrain. 26) Thus, this model appears to achieve marked impairment of spatial navigation in rats. Microsphere embolism was previously reported to induce a failure in learning and memory function in water maze and passive avoidance tasks in rats.
16) The severity of the failure of the animals in this earlier study was less than that in ours. This inconsistency may be possibly due to differences in the number and size of microspheres employed. Kiyota et al. 38) found that rats with 20 min of transient forebrain ischemia showed impairment of escape learning in the water maze task 1-2 weeks after the operation, whereas the escape latency recovered to the control level 4 weeks after the ischemia. They concluded that an impairment of learning function occurs when ischemic damage is sustained and severe. Thus, our findings suggest that microsphere embolism used in the present study may induce sustained cerebral ischemia and severe cerebral infarction, which is associated with relatively sustained failure in learning and memory function in rats.
As described in the Introduction, there is increasing evidence for a relationship between the cholinergic system and learning and memory function in animals and humans. This motivated us to characterize the pathophysiological changes in the cholinergic system of the microsphere-embolized rats shortly after the examination of passive avoidance and water maze tests. We observed decreases in ACh content, ChAT activity and the Bmax of M 1 -receptor binding in the striatum and hippocampus of the microsphere-embolized rats at this time. The results suggest an impairment of ACh synthesis and a decrease in the number of M 1 -receptors in the striatum and hippocampus following microsphere embolism.
Choline acetyltransferase is located mainly in presynaptic terminals and plays a key role in the biosynthesis of ACh. We observed that ChAT activity was decreased in the striatum and hippocampus, but not in the cerebral cortex. Alterations in the ACh content paralleling these changes were also detected. Although tissue ACh content cannot be regulated by the ChAT activity, the decrease in the enzyme activity may play a critical role in the microsphere embolism-induced cerebral ischemia where tissue energy levels were reduced. 19) The TTC staining study showed a larger TTC-unstained area in the basal ganglia, and smaller TTC-unstained areas in the frontal cortex. This supports the view that the microsphere embolism, although it may induce widespread ischemia, does not produce ischemic damage in the whole brain, but only in some parts of the brain. Furthermore, the changes in the biochemical variables of the frontal cortex were smaller than those of the striatum and hippocampus, suggesting that microsphere-embolism induces ischemic damage to some areas of the basal ganglion and limbic system, such as the hippocampus and striatum, in preference to the frontal cortex. This is in contrast to observations in rats with middle cerebral artery occlusion, where the infarct area was seen primarily in the cerebral cortex when the clip for occlusion was placed distal to the striatal branches. It is generally believed that the hippocampus plays an important role in memory and learning function. Thus, it is likely that microsphere embolism may preferentially affect learning and memory function, whose action may account for the almost complete dysfunction of the water maze test throughout the test period in the present study.
In a previous study, we observed damage or impairments of parameters in this model other than the cholinergic system, such as depletion in monoamines and amino acids. 21, 22) Thus, we have to consider the possibility that disturbances in monoamine and amino acid metabolism are correlated with a defect in learning and memory function in the microsphereembolized animal. In this context, Matsuoka et al. 39) showed a possible involvement of monoaminergic systems in the processes involved in the water maze task. Further experiments on the possible relationship between these variables and learning and memory function should be conducted.
